Studies of platinum drug-DNA adduct formation in tissues of cancer patients have involved both atomic absorbance spectroscopy (AAS), which measures total DNA-bound platinum, and anti-cisplatin-DNA enzyme-linked immunosorbent assay (ELUSA), which detects a fraction of the AAS-measurable adduct. These studies were designed to explore mechanisms ofdrug-DNA interactions, to make correlations with clinical outcome, and possibly to validate DNA adduct measurements for use in occupational and environmental bioHmoitoring. The resls, determined by both ELISA and AAS, demonstrate that cisplatin and its analog carboplatin bind to DNA in many human organs, including kidney, brain, peripheral nerve, and bone marrow, which are sites for drug ticity. Platinum was also observed bound to ovarian tumor DNA. The adducts were highly persistent, being measurable in tissues obtained at autopsy upto 15 months after the last administration of platinum chemotherapy. A comparison ofbood cell DNA adduct levels, determined by ELISA, and the clinical response of 139 patients with ovarian, testicular, colon, or breast cancer demonstrated a strong correlation between failure to form DNA adducts and failure of therapy. Conversely, patients who formed high levels of DNA adduct were most likely to respond favorably. A similar correlation was not observed for adducts determined by AAS; that is, the average total DNA-bound platinum levels were the same for patients who did not respond to therapy and for patients who had any kind of response. Thus, in this study, human blood cell DNA adducts measured by ELISA correlate with tumor remission, while those measured by AAS do not.
Introduction
A number of effective anticancer drugs are known to damage DNA, and their selective cytotoxicities for neoplastic cells are presumably related to an increased sensitivity of tumor cells as compared to normal cells. Newly developed assays have made it possible to monitor the binding of drugs such as 8-methoxypsoralen (1), procarbazine (2) , mitomycin C (3), and cisplatin (cis-diamminedichloroplatinum II) (4) bound to DNA in tissues ofcancer patients receiving chemotherapy. While such studies are directed toward determining the biologically effec-tive dose ofdrug to target tissue and correlating tumor response, they also serve to validate assays for DNA adduct formation in humans, which are being used for occupational and environmental biomonitoring (5) .
Cisplatin binds to DNA in a chemically stable fashion to produce, primarily, intrastrand bidentate diammineplatinum adducts by chloride displacement at the N7 positions of adjacent guanines and adenine-guanine (5 '-3 ) dinucleotides (6, 7) . This compound, and its cis-reacting analogs such as carboplatin (diamminecyclobutane-dicarboxylatoplatinum II), are among the most effective drugs curently available for the treatment of testicular, ovarian, lung, and other cancers (8) (9) (10) . In recent years a number ofhighly sensitive enzyme-linked immunosorbent assays (ELISAs) have been developed (4, 6) and used to measure binding ofplatinum drugs to DNA in tissues of cancer patients (11, 12) . In addition, atomic absorbance spectroscopy (AAS), with the addition ofZeeman background correction, has become sufficiently sensitive to measure total platinum bound to DNA in human samples (13 
Atomic Absorbance Spectroscopy
Total platinum-DNA binding was assessed by AAS with Zeeman background correction, as previously described (13), using a Perkin-Elmer Zeeman/3030 atomic absorption spectrophotometer. Samples of200 izg DNA were used for each AAS measurement, and quantification was done by comparison with a standard curve. Units used are femtomoles of adduct per microgram DNA.
Results
Comparison of Cisplatin-DNA ELISA and AAS for Analysis of DNA Adducts in Human Samples Whereas AAS measures total platinum bound to DNA, the cisplatin-DNA ELISA significantly underestimates the total amount of intrastrand DNA adducts. This observation was first made in samples from rats (19, 20) . Although ELISA measured only 0.2% ofthe total DNA-bound platinum determined by AAS, a linear correlation was observed between the two assays in kidneys ofrats exposed to increasing doses ofthe drug. A similar consistency was not found in human samples (16, 19) . In a recent study in which 197 blood-cell DNA samples were assayed by both ELISA and AAS, 39 samples gave negative results in both assays, 17 gave positive results in ELISA only, 89 gave positive results in AAS only, and 52 gave positive results in both assays. A comparison ofthe values obtained by ELISA and AAS for each of the positive samples is shown in Figure 1 . The fraction oftotal platinum determined in these 52 samples by ELISA varied between 0.2 and 33 % ofthat observed by AAS, with almost half of the samples falling in the range of2-33 %. A similar relationship appears to hold for human tissue obtained at autopsy; nine samples gave positive results in both assays and showed similar inter-assay discrepancies (compare Tables 1 and 2 bDash indicates no sample assayed. 'ND, levels below 8 amole//Ag DNA, the lower limit of sensitivity. hND, levels below 3 fmole/,ug DNA, the lower limit of sensitivity.
Comparison between Platinum-DNA Adduct Formation Response in Human Blood Cell DNA and Disease
Previous determinations of cisplatin-DNA ELISA-measurable adducts in blood-cell DNA from ovarian (14) and testicular (17) cancer patients demonstrated a positive correlation between adducts and favorable clinical outcome (Table 3 , groups 1 and 3). In these investigations, one or two samples were obtained from each patient, and the highest or "peak" adduct value was considered for comparison with disease response. Clinical response was categorized as presented in Methods. In a group of 24 patients (Table 4 ) who received single-agent platinum therapy, the correlation between adduct level and disease response was very highly significant (p = 0.006) (21) . Overall, patients with the best clinical response had the highest adduct levels. The studies are, however, limited to two types of cancer and one assay procedure.
Recently, these observations were repeated in ovarian cancer patients and extended to breast and colon cancer patients, as shown in Table 4 (16) . The new study has the added advantage that measurements ofadducts by ELISA were compared to those by AAS for the same samples. The study comprised a total of286 blood samples obtained from 67 patients, with 1-2 samples obtained from 36% ofpatients, 3-9 samples from 55% of patients and > 9 samples from 9% of patients. Multiple samples were taken from each individual at intervals during treatment; because of substantial variation in the numbers of samples per person, a mean adduct value was calculated for each patient. The data for patients grouped by disease response are presented in Table 3 (groups 2, 4, and 5 'Values are mean of several adduct levels, determined from DNA samples taken at different times from the same individual.
gThere were no nonresponders, so complete responders were compared to partial responders. and positive clinical outcome. The breast and colon cancer groups contained fewer responders, but the trend for differences in adduct levels between responders and nonresponders were consistent with those observed for the ovarian and testicular cancer patients. In this study, it was possible to measure total platinum bound to DNA by AAS for 197 of the original 286 blood-cell DNA samples. Figure 2 shows a comparison of the mean ELISA and AAS values for patients with progressive disease, compared to patients with either stable disease, partial response, or complete response, grouped together. Analysis by ELISA showed a statistically significant difference between the two groups, but analysis by AAS showed similar adduct levels for both groups. Therefore, in this study, when averaged adduct levels were used, high levels of adduct measured by AAS did not correlate with tumor remission.
Discussion
In order to establish a cisplatin-DNA ELISA, DNA modified to 4% with cisplatin was used to elicit antisera specific for the intrastrand bidentate N7-d(GpG)-and N7-d(ApG)-diammineplatinum adducts. These adducts make up a major portion of platinum bound to DNA; however, the ELISA developed with this antiserum provides an underestimate of the quantity of intrastrand adduct present, presumably because biological samples (1 adduct in 107 nucleotides) have many fewer adducts in proximity than the original immunogen (1 adduct in 25 nucleotides). It is possible that the antiserum has highest affinity for clusters of adducts and that the binding affinity is considerably reduced for a single adduct. It is also possible that it is clusters of adducts that are primarily recognized in biological samples. In any case, the underestimation obtained with the cisplatin-DNA ELISA can be circumvented by using AAS or by performing ELISA with an antiserum elicited against individual intrastrand adducts rather than modified DNA (20, 22 (19) . This finding was in contrast to that with rat samples, for which the two assays exhibited a constant relationship (19 The cisplatin-DNA ELISA has been used extensively to assay human blood-cell and tissue DNA, since much ofthis work was performed prior to our knowledge ofthe underestimation. Table  3 shows the results oftwo major studies, involving 139 patients, which demonstrate a unique correlation between ELISA-measurable adducts and positive clinical outcome. In general, the absence of cisplatin-DNA ELISA-detectable adducts appears to be associated with poor disease response, and patients who have the highest adduct levels are the most likely to achieve remission. The consistency of the correlation ( 
Conclusions
One goal of disease-response correlations is presumably to predict response in a particular patient. Given human interindividual variability and the fact that the most effective regimens contain a combination ofdrugs, however, it is not clear that this assay will become a useful tool for predicting response. It will nevertheless allow further investigation of factors that modulate platinum-DNA adduct formation and continue to enhance our understanding of platinum drug-DNA interactions.
